An acquired JAK2 V617F mutation is found in most patients with polycythemia vera (PV), and about half of patients with essential thrombocythemia (ET) or primary myelofibrosis (PMF). Mice transplanted with bone marrow cells in which JAK2 V617F was retrovirally expressed developed PV-like features, but not ET or PMF. To address the contribution of this mutation to the pathogenesis of these three MPDs, we generated two lines of JAK2 V617F transgenic mice. One line showed granulocytosis after 4 months of age. Among 43 mice, 8 (19%) showed polycythemia and 15 (35%) showed thrombocythemia. The second line showed extreme leukocytosis and thromobocytosis. They showed anemia that means Hb value from 9 to 10 g per 100 ml when 1 month old. Myeloid cells and megakaryocytes were predominant in the bone marrow of these animals, and splenomegaly was observed. The expression of JAK2 V617F mRNA in bone marrow cells was 0.45 and 1.35 that of endogenous wild-type JAK2 in the two lines, respectively. In vitro analysis of bone marrow cells from both lines showed constitutive activation of ERK1/2, STAT5 and AKT, and augmentation of their phosphorylations by cytokine stimulation. We conclude that in vivo expression of JAK2 V617F results in ET-, PMF-and PV-like disease.
Introduction
Janus kinase 2 (JAK2) is a member of the Janus family of nonreceptor tyrosine kinases and is required for signaling from type I cytokine receptors. 1, 2 In erythropoietin (EPO) intracellular signaling pathway, for example, the binding of EPO to cellular surface EPO receptor activates JAK2, followed by the activation of STAT5. Phosphorylated STAT5 translocate from the cytoplasm into the nucleus, and induce transcription of their target genes within a short period of time. 3, 4 This JAK-STAT signaling pathway is essential for cytokine function, although cytokines activate several intracellular signaling pathway. [3] [4] [5] Deletion of JAK2 in mice causes embryonic lethality due to severe anemia, 2 a similar phenotype to that observed in EPO-, EPO receptor- 6 and STAT5-deficient mice. 7 A G-to-T point mutation resulting in the substitution of phenylalanine for valine at position 617 (V617F) in JAK2 has been reported in myeloproliferative disease (MPD) patients. [8] [9] [10] [11] [12] This mutation is found in most patients with polycythemia vera (PV) and in approximately half of patients suffering from essential thrombocythemia (ET) or primary myelofibrosis (PMF). [8] [9] [10] [11] [12] The expression of JAK2 V617F in cytokine-dependent cell lines confers cytokine-independent growth 9, 11, 13 by constitutively activating STAT5, Akt and ERK. Therefore, JAK2 V617F is thought to be related to the development of PV, ET and PMF. X-inactivation-based analysis of women with MPDs and fluorescence in situ hybridization analysis in MPD patients having specific chromosomal abnormalities have demonstrated that MPDs are clonal stem cell disorders [14] [15] [16] with common features such as hypercellular bone marrow, cytokine-independent colony formation and cytokine hypersensitivity of bone marrow cells, 17, 18 and hepatosplenomegaly with extramedullary hematopoiesis. However, MPDs have clinical differences, as erythroid hyperplasia is prevalent in PV, and megakaryocytic hyperplasia is prevalent in ET and PMF. 19 It remains to be determined how a unique mutation can be involved in such phenotypic pleiotropy. To address this question, transplantation experiments using bone marrow cells transduced by a retrovirus encoding JAK2 V617F have been performed. [20] [21] [22] [23] Expression of this mutant caused mice to develop human PV-like disease, including erythrocytosis, neutrophilia, trilineage hyperplasia in bone marrow and extramedullary hematopoiesis resulting in splenomegaly. Symptoms progressed to anemia and bone marrow fibrosis with time, resembling the 'spent phase' of PV. Although megakaryocyte hyperplasia in bone marrow was observed in recipient mice, thrombocytosis rarely occurred 20, 22, 23 and was very mild and transient in its rare occurrences. 21 To determine whether ET or PMF would develop due to expression of JAK2 V617F in vivo, we generated transgenic mice carrying this allele.
Materials and methods

Generation of transgenic mice
The murine Jak2 cDNA was kindly provided by Dr J Ihle (St Jude Children's Research Hospital, Memphis, TN, USA). We used oligonucleotide-directed mutagenesis to substitute phenylalanine for valine at residue 617 of JAK2 as previously described. 13 The pSP65-H2K-i-LTR vector 24 was kindly provided by Dr Weissman (Stanford University School of Medicine, Stanford, CA, USA). We engineered the H2K-V617F JAK2 transgenic construct by introducing the murine V617F JAK2 cDNA into the NotI-subcloning site of the pSP65-H2K-i-LTR vector. The construct was isolated from vector sequences as a NaeI/PvuI fragment and purified. Transgenic mice were produced by standard oocyte injection using BDF1 mouse-derived fertilized eggs. 25 All procedures were approved by the Local Miyazaki University Ethics Committee. Transgenic mice were identified by PCR using oligonucleotide primers specific for the murine JAK2 cDNA (Primer-1, 5
0 -CTTCCACATAGACGAGTCA ACA-3 0 and Primer-2, 5 0 -GTCCTGTTCTGTCAGTGTCTCAC-3 0 ) (Figure 1a ).
Determination of flanking sequences using bubble linker-mediated PCR for chromosomal mapping of transgene insertion sites
The genomic sequences flanking the transgenes were determined by bubble linker-mediated PCR (LM-PCR). 26, 27 Aliquots of tail DNA from transgenic lines were digested with SpeI or SacI (Takara Bio Inc., Tokyo, Japan), and the fragments were ligated to a double-stranded bubble linker. . The nested PCR products were separated by electrophoresis on 2% agarose gels in TAE buffer. The nested PCR bands were excised and purified using QIAquick Gel Extraction kits (QIAGEN, Valencia, CA, USA). The nucleotide sequences of PCR bands were determined by direct sequencing using an ABI 310 Genetic analyzer. The transgene insertion sites in chromosomes were determined using a BLAST search of the flanking sequences in the Ensemble genome database via the Internet (http://www.ensembl.org).
Locus-specific genotyping of Tg by a flanking primer method
For locus-specific genotyping and zygosity checks, we performed PCR analysis using flanking primers with sequences based on the sequences flanking the transgenes 28 ( Figure 1a ). Primer-3 (5 0 -GCATCGTGGTGTCACGCTCGTC-3 0 ) at the 3 0 -end of the transgene was used for both lines. Flanking primers were designed for each line using 5 0 -and 3 0 -flanking sequences at the transgene insertion site. Primer-3, Primer-4 (5 0 -GAGAA GAGGGTTTCATAGCACATGGCC-3 0 ) and Primer-5 (5 0 -GGA TAAGCATCCATCGTGCTATCACAGC-3 0 ) were used for line 1. Isolation of RNA, reverse transcription, quantitative PCR and sequencing Bone marrow RNAs were extracted using the RNeasy mini kit (QIAGEN). For quantitative PCR, reverse transcription was carried out with 250 ng of total RNA using a QuantiTect reverse transcription kit (QIAGEN). TaqMan Universal PCR Master Mix and adequate primers were used for quantitative PCR amplification of the total JAK2 cDNA including both endogenous wildtype JAK2 cDNA and transgene JAK2 V617F cDNA, and tubulin cDNA as a control. Quantitative PCR was performed on an ABI 7000 (Applied Biosystems) and analyzed with the associated software. For sequencing, reverse transcription was carried out with 250 ng of total RNA using a TaKaRa RNA PCR kit (Takara Bio Inc.). We amplified the JAK2 cDNA, 395-bp segment including V617F mutation using the primers 5 0 -AATATTTAAT GAAAGTCTTGGCCAAGGTAC-3 0 and 5 0 -TAGCACACACATTC CCATGAATAAGGGATT-3 0 . The PCR products were sequenced directly using an ABI Genetic analyzer.
Protein lysates and western immunoblotting
Cells were lysed as previously described 29 and centrifuged at 12 000 g for 15 min to remove debris. Total cell lysates were resolved by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride nitrocellulose membranes (Amersham, Uppsala, Sweden). Membranes were probed using the appropriate antibodies and visualized by ECL (Amersham). Anti-phospho-STAT5, -phospho-ERK1/2, -ERK1/2, -phospho-Akt and -Akt antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-Jak2 and -STAT5 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Pathological examination
For histological evaluation, tissue samples were fixed in formalin, paraffin embedded and cut for hematoxylin-eosin staining or Gomori silver staining according to standard protocols.
Progenitor cell assays
To detect colony-forming units-erythroid (CFU-E) colonies, bone marrow cells from wild-type and JAK2 V617F lines 1 and 2 mice were plated in semisolid methylcellulose. To test the cytokineindependent colony formation, 1 Â 10 5 cells were plated in methylcellulose (M3234; StemCell Technologies) in the presence or absence of 3 U of EPO. Clusters were counted after 2 days in culture. To detect other types of colony (burst-forming units-erythroid, CFU-granulocytic, CFU-macrophage, CFUgranuloctye-macrophage and CFU-granulocyte, erythrocyte, monocyte, megakaryocyte), 1 Â 10 5 bone marrow cells from wild-type, JAK2 V617F line 1 or 2 mice were plated in methylcellulose (M3434; StemCell Technologies) containing 3 U ml À1 EPO, 10 ng ml À1 recombinant murine interleukin-3 (rmIL-3), 10 ng ml À1 rmIL-6, and 50 ng ml À1 recombinant murine stem cell factor according to the manufacturer's protocol. Colonies were counted on day 7 in culture.
Flow cytometric analysis
Cells were washed in phosphate-buffered saline þ 1% fetal bovine serum, blocked with Fc-block (BD PharMingen, San Diego, CA, USA) for 4 min on ice, and stained with monoclonal antibodies in phosphate-buffered saline þ 1% fetal bovine serum for 40 min on ice. Antibodies used were fluorescein isothiocyanate-conjugated CD71, B220, CD41 and Mac-1, and phycoerythrin-conjugated TER119, CD3 and Gr-1 rat anti-mouse antibodies (BD PharMingen). After washing, cells were resuspended in phosphate-buffered saline þ 1% fetal bovine serum and analyzed with a FACScan cytometer (BD Biosciences, San Jose, CA, USA). At least 20 000 events were acquired, and data were analyzed using CellQuest software (BD Biosciences).
Statistical analysis
Results are presented as mean ± s.e.m., and data were analyzed with the two-tailed Student's t-test. Where data were repeatedly analyzed, P-values were corrected according to the Bonferroni method. The correlation between Hb level and T/G ratio was estimated by the Pearson correlation. The value of the correlation coefficient (r) is given, in addition to the level of significance (P).
Results
Introduction of JAK2 V617F in mice and analysis of integration sites
We generated two lines of transgenic mice expressing a murine JAK2 cDNA that encoded phenylalanine at residue 617 rather than valine (JAK2 V617F), under the control of the H-2Kb promoter. The integration sites of the transgene were analyzed using bubble LM-PCR. As shown in Figure 1a , the transgene integrated in intron 12 of Dcc (deleted in colorectal carcinoma) on chromosome 18qE2 in the first line, and in the region between Mef 2a (myocyte enhancer factor 2A) and Lrrc 28 (leucine-rich repeat-containing 28) on chromosome 7qD1 in the second line. We termed them as lines 1 and 2 mice. PCR primers as indicated in Figure 1a were used to detect the transgene. As shown in Figure 1b , mice carrying JAK2 V617F were born at the expected Mendelian ratio. All mice carrying the JAK2 V617F transgene detected by internal primers (primer sets 1 and 2 in Figure 1a ) were positive by PCR using primers external to the transgene (primer sets 3, 4 and 5 for line 1; and 3, 6 and 7 for line 2 in Figure 1a ), indicating there was only one integration site in each line.
Expression of the V617F mutant in the transgenic lines
We first measured total (endogenous wild-type and transgenic mutant) JAK2 mRNA to estimate the expression of JAK2V617F mRNA in vivo by real-time PCR. Total JAK2 mRNA in bone marrow cells from JAK2 V617F lines 1 and 2 mice measured 1.45-and 2.35-fold, respectively, compared with that from wildtype mice. This means that the expression of JAK2 V617F mRNA in bone marrow cells was 0.45 and 1.35 that of endogenous wild-type JAK2 in the two lines. Sequencing of PCR products of JAK2 cDNA from bone marrow cells from line 1 mice showed a peak of mutant JAK2 (T peak identifies the mutation) that was about half of wild-type endogenous JAK2 (G peak identifies wild type), and a peak of mutant JAK2 in bone marrow cells from line 2 mice was slightly higher than that of wild-type endogenous JAK2 (Figure 2a ). The expression of JAK2 V617F protein in them was estimated by measuring the amount of total JAK2 protein (endogenous wild-type JAK2 plus exogenous JAK2 V617F). As shown in Figure 1c , total amount of JAK2 from JAK2 V617F Tg mice was slightly higher than that from wild-type mice.
To determine the kinase activity of JAK2 V617F in vivo, we performed western blot analysis of extracts from bone marrow JAK2 V617F causes classical MPDs K Shide et al cells from wild-type, JAk2 V617F lines 1 and 2 mice. Constitutive STAT5 and AKT phosphorylation in the absence of cytokine stimulation were observed in JAK2 V617F bone marrow cells from either line (Figure 1d ). ERK was weakly but constitutively activated in cells from JAK2 V617F line 2 mice without cytokine stimulation, while very small amount of phosphorylation was observed in cells from line 1 mice. Upon cytokine (EPO þ WEHI cell-conditioned medium) stimulation in vitro, the phosphorylation of ERK1/2, STAT5 and AKT was much stronger in cells from lines 1 and 2 mice than in cells from wildtype mice (Figure 1d ).
Changes in the peripheral blood in JAK2 V617F-expressing mice
In the JAK2 V617F line 1 mice, a total of 57 mice were examined for peripheral blood count, and results at 3 months and older were obtained for 43 of the 57. White blood cell number, Hb value and platelet number varied by individual. Fifteen of the forty-three mice showed leukocytosis (defined as white blood cell number 42 Â 10 10 l À1 ) (Figure 2a) , with a predominance of granulocytes (Figure 2b ). The mean hematocrit (Hct) value at 1 month after birth was 49.9 ± 2.9%, and that when 6 months old was 46.8±6.7%. Eight of the forty-three mice showed polycythemia (defined as Hb418 g per 100 ml) 3 months after birth, and the highest observed Hb level was greater than 20 g per 100 ml. Fifteen mice displayed thrombocytosis (defined as platelets 4140 Â 10 10 l À1 ), and the highest number of platelets observed was greater than 300 Â 10 10 l À1 . As for the white blood cell number, two of the eight mice with polycythemia and 9 of the 15 mice with thrombocytosis concomitantly showed leukocytosis. Two mice with polycythemia showed thrombocytosis during subsequent examinations. A total of 21 of the 43 mice (49%) showed polycythemia and/or thromobocytosis. Hb value and platelet count in the remaining 22 mice were comparable to those in wild-type mice, and four of them showed leukocytosis.
Peripheral blood features in the JAK2 V617F line 2 mice were more simple and dramatic. These animals showed severe leukocytosis at only 1 month after birth, and leukocyte numbers elevated as the animals aged. Leukocytosis peaked 5 months after birth at a mean leukocyte number of 30 Â 10 10 l À1 , with some mice exhibiting values close to 50 Â 10 10 l À1 . Leukocyte number subsequently decreased slightly, remaining high at 20 Â 10 10 l À1 at 8 months after birth. The majority of the increased number of leukocytes comprised mature neutrophils with some immature cells (Figure 2b ). Marked thrombocytosis was also observed in line 2 mice at 1 month, with a mean platelet number of 250 Â 10 10 l À1 and some mice exhibiting values close to 500 Â 10 10 l À1 . Platelet count slowly declined as time passed, and returned to near-normal values 8 months after birth. Platelets from these mice aggregated easily, and giant platelets were observed (Figures 2b and c) . These mice also exhibited anemia, with Hb levels of 10 g per 100 ml at 1 month. This declined as time passed, reaching 9 g per 100 ml when 7 months old. The drop in Hb levels corresponded to decreased volume and number of RBCs. The mean Hct at 1 month after birth was 42±4.5%, and it decreased to 32±6.6% when 6 months old. The number of RBCs was decreased at 1 month after birth, and peaked at 605 Â 10 10 l À1 9 months after birth. The Hct value and RBC number in wild-type mice at 1 month were 50±2.4% and 945±45.5, respectively. Polychromatophilia and RBCs with Howell-Jolly bodies were observed in line 2 mice. In addition, erythroblasts and myeloblasts were observed in the peripheral blood (Figure 2c ).
Pathological characterization of bone marrow
Histopathological examination of femurs from JAK2 V617F line 1 mice showed hypercellular bone marrow with maturing myeloid cells, erythrocytes in many stage of differentiation, and mature megakaryocytes ( Figure 3A) . The number of megakaryocytes/10 high-power fields was 217 ± 76 in line 1 mice, and it was statistically larger than that in wild-type mice (82±12) (Po0.01). Emperipolesis of neutrophils in megakaryocyte cytoplasm was observed (63 ± 36 /10 high-power fields), although that was scarcely observed in wild-type mice. Reticulin fibrosis was not observed by Gomori silver staining, nor increment of bone trabeculae (Figure 3Am-o) .
Femurs from JAK2 V617F line 2 mice showed prominent populations of maturing myeloid cells with moderately increased numbers of megakaryocytes. The number of megakaryocytes/10 high-power fields was 231±20 in line 2 mice, and it was larger than that in wild-type mice (82 ± 12) (Po0.01). Megakaryocytes of many sizes were usually clustered and displayed unusual morphology, including aberrant nuclear-tocytoplasmic ratio, emperipolesis of neutrophils in megakaryocyte cytoplasm (80 ± 27/10 high-power fields) and bulbous or irregularly folded nuclei. Gomori silver staining showed a mild accumulation of fibers in the intercellular space of the marrow (Figure 3Aq ). Bone cortical thickness was also mildly increased, with newly formed bony trabeculae. This phenomenon became more obvious as the mice aged. Fibrosis of the bone marrow and increment of bone trabeculae and intercellular matrix were observed in the 9-month-old mice (Figure 3Ar ). Maturation along the granulocyte and erythroid lineages was normal. The number of nucleated cells collected from femurs of both lines of JAK2 V617F mice was lower than the number collected from wild-type mice (Figure 4a ), although the bone marrow specimens from both lines of JAK2 V617F mice looked hypercellular ( Figure 3A) . The percentage of neutrophil precursor cells was greater, and that of erythroid precursor cells was lesser in both lines of JAK2 V617F mice than in wild-type mice. 
JAK2 V617F induces splenomegaly
At 3-5 months, JAK2 V617F mice showed marked splenomegaly and had higher average spleen weights (1.01 ± 0. 34 g in line 1 and 1.57 ± 0.31 g in line 2 mice) than wild-type mice (0.11 ± 0.05 g) (Figure 4b) . In line 1, not all mice had splenomegaly, and mice having splenomegaly showed at least one of the following: erythrocytosis, thrombocytosis or leukocytosis. The architecture of spleens from JAK2 V617F line 1 mice was barely preserved, and white pulp was obviously decreased (Figure 3Ba-c) . Red pulp was expanded due to invasion by nonlymphoid cells, megakaryocytes, erythroblasts and maturing myeloid cells (Figure 3Bg-i) . Megakaryocytes were large in size and had multilobulated nuclei. Spleen sections from JAK2 V617F line 2 mice exhibited complete effacement of normal splenic architecture and the invasion of non-lymphoid cells. The white pulp was blended throughout and was partially preserved (Figure 3Bd-f) . The red pulp was expanded by an atypical population of maturing myeloid cells and megakaryocytes Figure 3 Histopathological characterization of JAK2 V617F mice. (A) Bone marrow changes over time in lines 1 and 2 mice. Hematoxylineosin stains (a-l) and Gomori silver staining (m-r). In femurs from line 1 mice, megakaryocytes were greater in number, and emperipolesis of neutrophils in megakaryocyte cytoplasm (white arrow) was observed (h). In femurs from line 2, megakaryocytes of many sizes, with bizarre nucleus (arrowhead), were usually clustered (l). An accumulation of fibers in the intercellular space of the marrow and bone cortical thickness was present in JAK2 V617F line 2 mice (q, r), whereas they were absent in JAK2 V617F line 1 mice (o). (B) Spleen changes over time in lines 1 and 2 mice. Hematoxylin-eosin stains (a-l) and Gomori silver staining (m-r). The architecture of spleen from line 1 mice was profoundly affected, with decreased white pulp (arrow) and red pulp infiltrated by non-lymphoid cells (c, h, i). In line 2 mice, red pulp was expanded by an atypical population of maturing myeloid cells and megakaryocytes (j-l), and the white pulp was scarcely observed (e, f). Silver staining showed mild-to-moderate fibrosis in spleens from JAK2 V617F mice (o, r). (Figure 3Bj-l) . Few erythroblasts were observed. In JAK2 V617F line 2 mice, Gomori silver staining showed a mild accumulation of fibers of the spleen from the 6-month-old mice (Figure 3Bq) , and fibrosis was observed in spleen from the 9-month-old mice (Figure 3Br ). The spleen weight was 1.57±0.31, 1.61±0.45 and 1.42 ± 0.29 g in 3-5 months old, 6-9 months old and 10-month old JAK2 V617F line 2 mice, respectively. There is no statistical difference of spleen weight in the three age groups from JAK2 V617F line 2 mice, although fibrosis became obvious as the mice aged (Figure 3Bp-r) .
Differential cell counts showed increased numbers of mature myeloid cells accompanied by megakaryocytes in both lines (Figure 4b ). The percentage of erythroblasts increased in line 1 mice and decreased in line 2 mice than in wild-type mice. Fluorescent-activated cell sorting analysis showed an increase of Gr-1/Mac double-positive cells (16.6% in line 1 and 41.6% in line 2, versus 2.4% in wild-type mice) and CD41-positive cells (18.3% in line 1 and 6.0% in line 2, versus 0.6% in wild-type mice) in JAK2 V617F mice compared with wild-type mice ( Figure 5 ). B220-positive B cells represented 64.5% in wild-type mice, and decreased to 47.5% in line 1 and to 22.2% in line 2. CD71/TER119 double-positive erythroid cells increased to 8.1% in line 1 mice, and decreased to 1.0% in line 2 mice compared to 2.7% in wild-type mice.
JAK2 V617F induces expansion of hematopoietic progenitor cells
The frequencies of progenitor cells in bone marrow among wildtype, JAK2 V617F lines 1 and 2 mice were approximately equivalent, although they had some margin of error (Figure 6a) . Breakdown of colony type was comparable among the three groups; CFU-granuloctye-macrophage represented more than half of colonies. Endogenous erythroid colony formation in vitro is a major hallmark of chronic MPDs. Bone marrow cells were plated in methylcellulose in the absence of cytokines or with 3 U ml À1 of EPO (Figure 6b ). Spontaneous formation of bone marrow-derived colonies (CFU-Es) was detected in both JAK2 V617F lines in the absence of cytokines. The addition of EPO had a little or no influence on the number of CFU-E in bone marrow cells from both lines, although CFU-Es appeared in bone marrow cells from wild-type mice following EPO treatment.
Expression levels of the V617F mutant in line1 mice
As some displayed thrombocytosis and/or erythrocytosis, and the others did not show the increment of Hb value and platelet count (MPD-free mice) in line 1 mice, we compared the Thymine/Guanine (T/G) ratio by sequencing of PCR products of JAK2 cDNA from line 1 mice. As T peak identifies the mutation and G peak identifies wild type, T/G ratio represents the JAK2 mutation/wild-type ratio. The T/G ratio in mice with erythrocytosis was higher than that in mice with thrombocytosis (Po0.05) or MPD-free mice (Po0.01), although there was no statistical difference in T/G ratio between MPD-free mice and mice with thrombocytosis ( Figure 7 ). In addition, the Hb value moderately correlated with the T/G ratio in line 1 mice (r ¼ 0.459, Po0.01).
Discussion
The pathogenesis of MPDs, with the exception of CML, have not been clarified. JAK2 V617F has recently been identified by several groups as an acquired somatic mutation present in the majority of patients with PV and large proportions of patients with ET and PMF. [8] [9] [10] [11] [12] JAK2 V617F has constitutive activity in cell lines, and can transform IL-3-dependent cells, such as Ba/F3, to cytokine independence. 9, 11, 13 This cytokine-independent growth may depend on the proper expression of cytokine receptors, such as IL-3 receptor, EPO receptor, G-CSF receptor or thrombopoietin receptor. 30 Although JAK2 mutations have often been observed in MPD patients, it remains unknown EPO, and the colony number was counted on day 3. Two experiments were done in triplicate, and each bar represents one animal.
JAK2 V617F causes classical MPDs
K Shide et al whether the JAK2 V617F mutation is sufficient to cause MPD. If this is the case, it is also unclear how a single active mutant allele might cause three clinically distinct, though related, MPDs. In murine transplantation experiments, retroviral expression of JAK2 V617F in bone marrow cells caused key features of PV, including erythrocytosis, low serum erythropoietin levels, splenomegaly and cytokine-independent colony formation in vitro. [20] [21] [22] [23] Transplanted mice also showed striking leukocytosis and neutrophilia. In contrast to polycythemia and leukocytosis, JAK2 V617F had either no effect 20, 23 or a small and transient effect 21, 22 on platelet counts, despite the detection of proviral gene expression in megakaryocytes. 23 At later stages following transplantation, mice developed fibrosis in marrow and spleen, associated with anemia, mimicking the 'spent' phase of human PV. These data indicate that JAK2 V617F is able to confer a disease phenotype in mice with clinicopathologic features reminiscent of PV. However, features of ET or PMF did not develop following retroviral expression of JAK2 V617F in murine bone marrow transplantation models, despite the observation that half of ET and PMF patients have this JAK2 mutation. We thus generated transgenic mice in which JAK2 V617F was stably expressed under the H-2Kb promoter, which has previously been used to drive expression of a bcl2 transgene in stem cells. 24 Two lines of JAK2 V617F transgenic mice were established. The protein level of JAK2 V617F was not so much ( Figure 1c ). This small amount of JAK2 V617F protein, however, was enough to constitutively phosphorylate STAT5, which is the direct substrate of JAK2, in the absence of cytokine stimulation in cells from JAK2 V617F lines 1 and 2 mice (Figure 1d) , and induced the proliferation of hematopoietic cells, especially megakaryocytes. About half of JAK2 V617F line 1 mice developed features of human PV or ET. The remaining half did not show erythrocytosis or thrombocytosis, although some showed leukocytosis (Figure 2a) . The bone marrow from JAK2 V617F line 1 mice was hypercelluar with increased numbers of large megakaryocytes (Figure 4a ). JAK2 V617F line 2 mice showed the complete spectrum of clinicopathological features of human PMF, including clustered megakaryocytes of many sizes and unusual morphology, an accumulation of fibers in the bone marrow and bone cortical thickness with newly formed bony trabeculae in the intercellular space of the marrow ( Figure 3A) .
They also showed extreme anemia (Figure 2a) , leukoerythroblastosis in the peripheral blood (Figure 2c ), and splenomegaly ( Figure 4b ). Both lines presented cytokine-independent colony formation in vitro, a characteristic of MPDs (Figure 6b ). The phenotypes of JAK2 V617F lines 1 and 2 were not the same, and were not consistent with the features in mice transplanted with bone marrow cells transduced with JAK2 V617F. [20] [21] [22] [23] Importantly, the features of PV, ET and PMF have now been experimentally reproduced by the enforced expression of JAK2 V617F in mice. Leukocytosis in the peripheral blood, myeloid and megakaryocyte hyperplasia in the bone marrow and splenomegaly were commonly observed to varying degrees in JAK2 V617F lines 1, 2 and recipient mice in transplantation models. Cytokine-independent colony formation, a characteristic of MPDs, was also observed in bone marrow cells. Although these mice share a number of common phenotypes, there are also a number of differences among JAK2 V617F lines 1, 2 and recipient mice in transplantation models.
By 9 months of age, about 20% of line 1 mice developed PVlike features and about 30% developed ET-like features. The occurrence of ET plateaued by 5 months, whereas the occurrence of PV increased gradually over time and had not plateaued by 9 months. It is possible that the remaining half of MPD-free line 1 mice would have developed PV over a longer follow-up. Recipient mice transplanted with bone marrow cells infected with a JAK2 V617F retroviral vector all developed PV shortly after transplantation. [20] [21] [22] [23] The precise cause of the phenotypic and penetrance differences between JAK2 V617F line 1 and recipient mice in this transplantation model is unknown. One hypothesis is that another acquired genetic event is necessary for the development of PV or ET in addition to JAK2 V617F mutation. The observation that some line 1 mice developed PV, some developed ET and others did not develop MPD may support this hypothesis. The requirement of another genetic event in addition to JAK2 V617F is consistent with the clinical observation that ET patients had few cells with the JAK2 V617F mutation even when they showed monoclonal hematopoiesis. 31 However, this contrasts with observations that most PV patients with monoclonal hematopoiesis had a majority of cells with the JAK2 V617F mutation, 31 as well as observations that almost all recipient mice developed PV shortly after transplantation with JAK2 V617F-expressing bone marrow cells. [20] [21] [22] [23] A second possible explanation is that the expression level of JAK2 V617F is important for the proliferation and differentiation of cell lineages. The expression level of JAK2 V617F mRNA in bone marrow cells from JAK2 V617F line 1 mice was 0.45-fold that of wild-type endogenous JAK2 mRNA. Meanwhile, expression of JAK2 V617F was reported to be 10-40 times that of endogenous wild-type JAK2 in transplant models. 21 This high expression of JAK2 V617F in reported transplant models may influence hematopoiesis and lead to the development of PV. We then assessed the expression level of JAK2 V617F among line 1 mice. As T wave derives from JAK2 V617F mRNA, T/G ratio would roughly represent the expression level of JAK2 V617F in each mouse. The T/G ratio in PV-like mice was higher than that in ET-like mice (Po0.05) or MPD-free mice (Po0.01) (Figure 7) , and the Hb value moderately correlated with the T/G ratio in line 1 mice (r ¼ 0.459, Po0.01). Higher expression of JAK2 V617F would favor erythrocytosis, and lower one would favor thrombocytosis. This is consistent with a report that transient and very mild thrombosis was observed only in a few JAK2 V617F low-expresser mice in a transplantation model, 21 although other reports indicated no effect of JAK2 V617F on platelet number. 20, 22, 23 This is also supported by the clinical observations that most patients with ET are heterozygous for the JAK2 V617F mutation, while approximately 30% of patients with PV are homozygous. [8] [9] [10] [11] [12] Homozygosity increases the expression of JAK2 V617F, and also increases the effect of JAK2 V617F because competition with wild-type JAK2 is lost. 9 Homozygous line 1 mice carrying two JAK2 V617F alleles would be expected to have higher JAK2 mRNA expression. We are now crossing heterozygous JAK2 V617F line 1 mice to obtain homozygous JAK2 V617F mice. If these mice develop erythrocytosis more frequently than line 1 heterozygous mice, it would provide support to the dose-effect hypothesis.
The features of JAK2 V617F line 2 mice differ significantly from those of both recipient mice transplanted with bone marrow cells infected with JAK2 V617F retroviral vector and JAK2 V617F line 1 mice. Line 2 mice showed severe leukocytosis, thrombocytosis and anemia from an early age (Figure 2a) . Marked megakaryocyte hyperplasia in the bone marrow with dysplasia was observed ( Figure 3A) . Interestingly, the expression levels of JAK2 V617F mRNA in line 2 mice were about three times more than in line 1 mice. ERK1/2, STAT5 and AKT were constitutively phosphorylated in cells from line 2 mice, and the extent of phosphorylation after cytokine stimulation was greater than that in wild-type mice (Figure 1d ). However, it seems unlikely that a small increment of JAK2 V617F expression would promote anemia in line 2 mice, as recipient mice transplanted with bone marrow cells retrovirally transduced with JAK2 V617F showed erythrocytosis, not anemia. [20] [21] [22] [23] Whether homozygous line 1 mice, which should express higher levels of JAK2 V617F, will be anemic may shed some light on this question. A second genetic mutation in addition to JAK2 V617F might explain the phenotype of line 2 mice. Increased expression of high-mobility group protein A2 32 and FK506-binding protein 51, 33 and decreased expression of retinoic acid receptor g2 34 mRNAs have been reported in PMF patients. It is possible that the integration sites of the transgene affected the expression of these genes, and the phenotype of JAK2 V617F line 2 mice. This issue should be resolved by generating and analyzing several additional lines of JAK2 V617F transgenic mice.
Fibrosis of the bone marrow and thickening of trabecular bone (osteosclerosis), which are characteristic of PMF, are thought to be due to elevated cytokines, such as transforming growth factor-b1 35, 36 and osteoprotegerin, 37 released from increased numbers of megakaryocytes or stromal cells. Such cytokines might directly stimulate the fibrogenic and osteogenic responses. 38 We have previously shown that transgenic mice expressing TPO developed myelofibrosis, and their serum transforming growth factor-b1 and osteoprotegerin levels were high. 25 It is therefore tempting to speculate that the increased numbers of megakaryocytes in line 2 mice are responsible for the production of cytokines that induce myelofibrosis and osteosclerosis. In addition, dysfunction of megakaryocytes can be responsible for transforming growth factor-b1 release; as dysmegakaryopoiesis was observed in JAK2 V617F transgenic mice, both mechanisms might be involved.
In conclusion, we have shown that exogenous expression of JAK2 V617F in vivo induces disease with features similar to PV, ET and PMF. In a transplantation model using a retroviral vector, JAK2 V617F was expressed much more highly than endogenous JAK2, 21 and recipient mice developed only PV-like features. [20] [21] [22] [23] This may suggest that levels of JAK2 V617F expression directly determine which cell lineages increase, and this may lead to the diversity of MPD. This murine MPD model also provides a robust and reproducible in vivo assay system to assess the therapeutic efficacy of JAK2-selective inhibitors for JAK2 V617F-positive diseases, especially myelofibrosis, for which no specific treatment exists.
